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 RESUME 
  Productivity of a pine caterpillar population was investigated in the present study. 
The changes in larval density of the pine caterpillar population were estimated by the 
fecal-pellets counting method and by the direct counting method at a pine stand in a 
nursery. The food consumption, assimilation, respiration and growth were also mea-
sured in the laboratory. The total food consumption, assimilation, respiration and 
growth of the population were calculated utilizing the individual values and population 
density. 
 An individual larva consumed about  14.0g of pine needles over one growing season. 
From which  11.2g was defecated as feces, and the rest  2.8g was assimilated.  2.3g, 
or eighty per cent of the assimilated matter was used for respiration and  0.5g was 
used for growth of larval body weight. 
 Larval density was estimated at about 63 individuals per square meter in September 
1967, which decreased to about 6 individuals per square meter in July 1968 (at the 
time of pupation). 
 The total food consumption of the larval population over one growing season was 
estimated at  133  g/m2/year. From this  133g,  106g fell as feces and  27g were assimilated 
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by the population.  21g, or eighty per cent of the assimilated matter was used as 
respiration and  6g was used for population growth. 
 Positive correlation was observed between population growth and biomass of larval 
population. Food consumption of a population also positively correlated with the 
 biomass.
                  要     旨
 マッカレハ幼虫個体群の生産を,苗 圃の実験個体群について調べた。幼虫の密度推定は糞数法およ
び直接観察によって行なった。幼虫1個 体当 りの食物消費量,同 化量,呼 吸量,生 長量は実験室にお
いて飼育個体を用いて測定 した。個体群の食物消費量,同 化量,呼 吸量,生 長量は飼育個体の各量 と
個体数変動とか ら測定 した。
 一頭の幼虫は一生育期間に平均約14.09(乾 重)の クロマツの葉を消費した。その うち11.29は
排出され,2.8gが 同化された。同化量は80%す なわち2.3gが 呼吸として消費され,生 長量は0.5g
であった。
 幼虫の密度は,実 験開始時の1967年9月 には63頭/m2で あったが,蠣 化時の1968年7月 には6頭/
m2に まで減少した。
 個体群 としては一生育期間に133g/m2の クロマッの葉を摂食した。 そのうち106gは 糞 として林
床に落下 し,27gが 個体群によって同化された。 同化量の うち219は 呼吸として消費され,個 体群
の生長量は69で あった。
 個体群の生長量 と個体群の現存量 との間には正の相関が認められた。個体群の積算摂食量 と個体群
現存量 との問にも正の相関が認められた。
                    INTRODUCTION 
 Productivity of animal populations has been investigated in various kinds of habitats 
  1) 2) 3) 4) 5) 
(CLARKE  1946;ENGELMANN 1966; REICHLE 1967; RICKER 1946; SMALLEY 1960). However, few 
production studies have been made concerning the population of forest defoliators, since 
almost all attention has been paid to the life histories of the insect pests and their 
                                    6) 
population dynamics  (KLOMP 1966;  MORRIS 1955). Although undoubtedly population 
dynamics is the main concern in forest entomology, population dynamics alone may be 
insufficient for the complete understanding of the dynamics of the forest ecosystem. 
Since the amounts of food consumed by a population of defoliators change with their 
ages even in a generation, thus this knowledge is necessary in the production study of 
the forest ecosystem as well as in the population bio-economics itself. 
 From this view point, several authors have attempted to investigate the amounts of 
food consumed by an individual larva, for example, the food consumption of the pine 
                                                                        8) 
looper (Buparus piniarius) was measured by SCHWERDTFEGER (1930), and that of the pine 
caterpillar by FURUNO (1963). Few studies, however, on food consumption of a popula-
tion have been appeared. 
 In a previous paper, the authors estimated the amounts of pine needles consumed by 
                                                                            10) 
natural populations of pine caterpillars  (KIKUZAWA and FURUNO 1968), but they did not
  18 
clarify the changes of food consumption in relation to changes of population density 
and individual weight. In the present study, the changes in larval density of the pine 
caterpillar population were estimated. The food consumption of individual larva was 
also measured in the laboratory. The total food consumption of a population is  esti-
mated by the above two components. 
                 MATERIAL AND METHOD 
  The pine caterpillar, chosen for this investigation, generally has one life cycle a 
year near Kyoto. The adult moths emerge in late July and in early August lay masses 
of eggs on pine needles which take about two weeks for incubation. First instar 
larvae begin to consume needles in late August. They grow until early November 
when they hibernate. In April of the following year, the fourth instar larvae begin 
to consume needles again. In early July, fully grown larvae (7th instar) pupate in 
cocoons. It takes about two weeks for emergence. 
  Thirteen hundred larvae collected from pine trees in Kyoto city were released on 7 
September 1967 in a pine stand at a nursery comprises of  37 pine trees (Pinus thunbergii). 
  Six representative trees were chosen and the larval numbers on each tree were 
counted at about one-month intervals except in winter. Ten fecal-pellet collectors, each 
25cm x 25cm in surface area, were set on the stand floor, and the fecal pellets fallen 
into the collectors were counted, oven dried and weighed. The leaf litter and the 
leaves cut uneaten by the lavae fallen into the collectors were also collected, oven 
dried and weighed. 
 Individual larvae were reared in the laboratory to estimate the amounts of food 
consumption, the number and the weight of fecal pellets, and the amount of respiration 
and growth. The difference in the length of the pine needles fed at the beginning 
and that which remained uneaten at the end of experiment was converted into dry 
weight which is an estimate of the amount of food consumed by larva during that 
period. Sixteen individuals were reared. 
 One larva and small petri dish containing 5cc of KOH soluiton were kept in an air 
tight glass container,  9  cm in diameter and  5  cm in depth, for 24 hours to measure 
respiration. The carbon dioxide absorbed by the KOH solution after 24 hours was 
estimated by titration with  0.2 N HC1. Respiration measurements were conducted 
under room temperature condition which varies from  23°C to  30°C. The respiratory 
rates measured were recalculated to provide values at  30°C assuming that Q10 value 
is  2.0. 
 Frequent measurements of body weights provided values for the growth of the 
larvae. 
 Calorific values of larval body, fecal pellet and pine needles were measured utilizing 
the bomb calorie meter.
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                       RESULTS 
 I. Metabolism Of Individual Larva 
1. Food Consumption 
 In the present study where the larvae were fed needles of Pinus thunbergii, the 
amounts of pine needles consumed by an individual larva during one growing season                                                                 9) 
averaged  14.0g in oven-dry weight, while FURUNO (1963) obtained about  11.1g when 
fed with needles of P.  densiflora. Although average obtained in the present study was 
somewhat larger than that of  FuRuNo, this difference can not be considered significant,
since there were considerable variations 
among individuals. 
 The amounts of food consumption from 
the beginning of the experiment (time t0) 
to time t, or the cummulative amounts of 
food consumption  (C), were plotted semi-
logarithmically against time t as shown in 
Figure 1, where the ordinate is logarithm 
of C, and the abscissa is time t. Roughly 
speaking, the cummulative food consump-
tion  (C) is expected to increase exponen-
tially with time t, except during the 
periods of hibernation and before casting 
off and before pupation. 
2. Feces 
 Relationship between food consumption 
and defecation can be expressed by the 
following formula : 
 z1C—z1A+LIF  (1)
where,  4C, amount of food consumption during a time unit 
      JA, amount of assimilation during a time unit 
 4F, amount of feces during a time unit 
 The relationship between the amount of food consumed and the amount of feces 
defecated during a certain unit of time (20 days) is shown in Figure 2 on a double 
logarithmic scale. The decline of the regression line in the figure is unity as has 
                                   9) 
already shown by FURUNO (1963) : food consumption and defecation is proportional or 
the assimilation ratio is constant. The regression equation is 
 4C=  1.25  4F  (2) 
From equation 1 and 2, the following can be obtained. 
 4A--=0.2  de  (3) 
 In the present experiment, the mean number of fecal pellets was  22.6 per day per
individual which was some-
what larger than  13-19 per 
individual per day obtained by 
              9) 
 FURUNO (1963). The reason for 
this difference could not be 
clarified. 
3. Respiration 
  The respiratory rates per 
day per individual larva are 
plotted against body weight 
as shown in Figure 3 on a 
double logarithmic scale. The 
regression line in the figure 
could be expressed as 
 JR  =  O.  26  W°•"  (4) 
where  JR is the respiratory 
rates expressed as CO2 mg per 
day per individual and W is 
the body weight. 
  The assimilated matter is 
used as respiration and the 
residue is used for growth. 
This relation is expressed as 
 JA—JR=JW  (5) 
where  21W is the increase in 
body weight during the time 
unit concerned. From equation 
1 and 4 
 JR=JC—JF—JW  (6) 
If JC,  4F and  JW were mea-
sured,  JR could be estimated 
utilizing equation 6. 
 As the respiratory rates ob-
tained utilizing the respiration 
chamber are considered to be 
the rest metabolic rate (RMR) 
 (SArro 1968) which is lower 
than that in the field, equation 
6 was used for the calculation 
of population value.
 4. Growth 
  The growth curve of a represen-
 tative individual is shown in Fig. 
 4. Body weight increased from the 
 beginning of the experiment until 
 early November when the larvae 
 began to hibernate. From the fol-
 lowing April it increased again 
 rapidly with time. The growth 
curve of the pine caterpillar in its 
 active periods can be considered to 
be approximately exponential. The 
 amount of growth over one growing 
season is about  500  mg or  2791  cal. 
  Food consumption, defecation, as-
similation, respiration and growth 
of an individual larva over one 
growing season are shown in Table 
1. A pine caterpillar consumes 
about  14.  0 g or 703600 cal of pine 
needles from which  11.  2  g (54700 
cal) is defecated as feces and  2.  8  g 
(15660 cal) is assimilated. Eighty 
per cent of the assimilated matter 
is used for respiration. Only four 
per cent of the consumed matter 
is used for growth of larval body 
weight. 
II. Estimation Of 
   Population Density 
  Population densities were esti-
mated by both direct counting and 
the fecal-pellets method. The ad-
vantages of the latter method when 
applied to natural populations of 
pine caterpillars was discussed in 
a previous paper. 
  The larval densities per square 
meter thus obtained are shown in 
Figure 5 as a survivourship curve.
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Although individual numbers decreased rapidly from September to November, morta-
lities during the periods of hibernation and the succeeding larval stage were not so 
high. This tendancy of the survivour curve is simillar to that obtained formerly by 
           12) 
KANAMITSU. 
III. Production Of Population 
  In this study, the production of entire population, i. e., both the production of the 
survivors and the production of dead individuals up to their time of death, has been 
undertaken. 
  Now let the amount of food consumed by the population be  4C, defecation be  4F, 
respiration be  JR and growth be JG during a unit of time from  t1 to t2. Similar to 
the case of an individual, the next relation would be expected. 
 JC=4F+JR+4G  (7) 
On the other hand, let biomass at time t1 be  131 and  t2 be B2, respectively, and the 
mortality during this time unit be  4D. The following relation would be obtained 
                 13) 
 (KIRA et al 1967). 
 4C+B1--JF+4R+JD+B2  (8) 
From equation 7 and 8 
 4B----B1—B2=4G-4D  (9) 
From equation 9, it is apparent that the increment of biomass is not true growth but 
difference in the amount of growth and death. Now let population density at time  t1 
and  t, be  to, and  (pi—zip), and individual weight at  t1 and  t2 be  W1 and  (Wi+JW). 
Hence B1 and B2 would be expressed as 
= 
 BlWipi (10) 
 B,=  (W1+  4W)(M.  —  4P) 
and 
                            dp 
 JD=  WiJp+  4Wd   (12) 
where 4Wd is the amount of growth of dead individuals from time tt to the time of 
death. 
 Substituting equations 10, 11 and 12 into 9, 
 4C-21F  +JR  +  (p-4p)4W+E4Wd  (13) 
from equations 7 and 13 
 4G=(pt-4p)4W+  4Wd  44) 
Thus, the growth of population is the sum of the growth of the survivors from  t1 to 
 t2  (4G3=(p1-49)4W) and the growth of individuals which die during  t1 and  t2 (4G4=-- 
 Ez/Wd). Similar considerations must be applied for 4C,  4F and  JR; for example, food 
consumption of survivors  (C3) and that of dead individuals  (Ca). 
 JC=4C,+4Ca   (15) 
 JF=4F1+4Fa  (16) 
 JR=4R3+4Ra   (17) 
1. Food Consumption of a Population 
 Equation 15 would be easily understood by referring to Figure 6 where the abscissa
is the cummulative amount of food 
consumed by an individual (C) and 
the ordinate is the population den-
sity (p). The curve in Figure 6 is 
expressed as 
   p=f(C)  (18) 
This relation is considered to be 
obtained from the following two 
relations by  diminishing time t                         14) 
(NEESS and DOUGDALE). 
 p=  g(t)   (19) 
 =h(t)  (20 
where all the variables such as p, 
 C, etc., are treated as continuous 
ones. The food consumption of the 
population, C, is considered the area 
under the curve (area, ACDE) and 
expressed as, 
 C=  98Cdp 
             po 
In Figure 6, area ABE and BCDE 
correspond to  C, and  Cd in equation 
15, respectively. 
 The food consumption of the pine 
caterpillar population is shown in 
Figure 7. The amount consumed 
by the population over one growing 
season was 133 g/m2 (668500  cal/m2)  ; 
from the beginning of the experi-
ment to hibernation was 11 g (55300 
cal) and after hibernation was 12g 
(613200cal). The latter was conspi-
cuously larger than the former.  Cs 
and  Cd were 83 g/m2 and 50 g/m2, 
respectively. 
2. Growth of Population 
 Similar to the case of food  con-
sumption, population growth is ob-
tained letting density p be the 
function of weight W by diminish-
ing time t from the survivor and 
growth curve as,
 24 
 p=  k(W)  (22) 
and, G, population growth, would be obtained as an integration of equation 22 as, 
   G=vkr, p dW (22) 
               wo
This relation is shown in Figure 8. 
The population growth of pine cater-
pillar over one growing season was 
about 6 g (33500 cal)/m2. Both the 
growth of the survivor and that of 
the dead individuals were 3 g/m2. 
3. Contribution of the Pine 
   Caterpillar Population as a 
   Component of the Forest Stand 
 The amount of defecation, assimi-
lation and respiration were calculated 
by utilizing equations 2 and 7. All 
the amounts mentioned above were 
shown in Figure 9 as a flow diagram 
of dry matter in the pine stand per 
year per square meter. 
 From about 700 g of leaves on the 
canopy 300 g fell as leaf litter and 
163 g was used by the caterpillar
population, from which 30 g fell uneaten and 133 g was consumed by the population. 
From this 133 g, 106 g fell as feces and 27 g was assimilated. 
 About eighty per cent or 21 g of the assimilated matter was used as respiration and 
twenty per cent or 6 g were used for population growth. 
 The biomass at the time of pupation was 3 g which amounted to only 2.3 per cent 
of the consumed matter. 
                     DISCUSSION 
 There are several problems in the methods used in the present study. In the labora-
tory experiments, there are considerable variations in the metabolic rates among 
individuals, thus more precise measurements using larger numbers of individuals would 
be required. The estimation methods of density are rather precise as mentioned before 
and these methods could be applicable for field study in the future. 
 The effects of the consumption of population on the total forest ecosystem must be 
considered here. Considering an individual tree there were several experiments of 
 15) 
artificial defoliation, among which FURUNO (1964) investigated the effects of defoliation 
on tree growth. Considering insects, there was the concept of KZ or the individual 
numbers which would cause considerable damage to the forest (TACHIBANA and 
              16) 
 NISHIGUCHI 1968). However, this concept can not predict damage since individual num-
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bers change with time and also the amounts of food consumed by a population is not 
only related to individual numbers but also to body weight. Consequently, it would be 
better to use biomass rather than individual number as a variable related to the food 
consumption of a population.
 In Figures 10 and 11, the growth from the beginning of the experiment, time to, to 
time t, G(t), and food consumption from time  to to t, C(t), are plotted against biomass 
at time t, B(t), on a double logarithmic scale. In these two figures, positive correla-
tions were observed between C(t), G(t) and B(t). 
 These relations were analyzed by using the NEESS and DOUGDALES formulae (1959) : p 
and W are both assumed to be exponential functions of time t as 
 po  exp(-2t)  (24) 
 W=W0exp(ot)   (25) 
Biomass, B, is expressed as 
 B=poWo  exp{(3-2)t}  (26) 
Diminishing time t from equation 24 and 25 
 p  =  poW02/6  W-2/6   (21) 
From equations 23 and 27 
 G=W
opdW =wtpoW02/6 W-Va dW 
             W-"PoWo       =P°W°A/3 1-8 1-2/3 (28) 
Substituting 25 and 26 into 28, the following would be obtained 
   G= 5-2 (B  B0)  (29)
  26 
Thus, growth amounts are proportional to biomass, if  3 and 2 are constant, Equation 
                                                                               17) 
29 is shown in Figure 10 as a C—D curve  (SmNozmu and  KIRA; 1961). The expected 
curve fits to the observed values fairly well. Assuming that growth ratio, g, is con-
stant over one growing season, the following equation would be expected similar to 
the case of growth. 
   C= (3 B0) (30) 
           g(6-2) 
As shown in Figure 11, equation 30 and the observed values are not too well matched. 
This may be due to assuming growth ratio, g, to be constant. Further experiment and 
analysis would be required. 
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